Pacific bluefin tuna (Thunnus orientalis) is one of the most economically important species in the Percomorpha group of teleost fishes. Their migrations are extensive and depend upon continuous swimming at a high rate of speed throughout their life. The draft genome sequence of this species has been reported but remains highly fragmented. We constructed a Pacific bluefin tuna genetic linkage map using microsatellite markers developed on each of the scaffolds from the draft genome sequence to link these genome fragments and understand the genomic structure of species in Percomorpha. Of the 606 polymerase chain reaction microsatellite primer pairs tested, 473 were polymorphic in the mapping populations for the linkage analysis. We constructed sex-specific maps for 24 linkage groups consisting of 470 markers, which allowed us to place scaffolds that cumulatively represented 20.8% (153.8 Mb) of the sequenced genome onto the linkage groups. The distribution of orthologous genes on the chromosomes of tuna and four other teleost fish species suggested that the constitution of tuna chromosomes is closest to that of medaka. Both species have the 24 chromosomes of the ancestral teleost, including several chromosomal inver-* Corresponding author.
Introduction
Pacific bluefin tuna (Thunnus orientalis) is one of the most economically important species of fish, and their migrations are unique, as they swim quickly and continuously throughout their life. This continuous swimming ability enables Pacific bluefin tuna to migrate long distances in the Pacific Ocean. Continual swimming is required, so that water containing oxygen flows continuously over the gills; this is a special feature of Thunnus and closely related species. Tuna have superior swimming ability due to a large quantity of red muscle, a rapid metabolic rate, large body size, and their unique shape and swimming form, although details remain unknown. Moreover, the tuna growth rate is very high, as they can grow 50 cm in total length in 1 year. Maximum length and weight are about 2.5 m and 300 kg, respectively. These unique ecological features of Pacific bluefin tuna originate from their genome.
Tuna farmers generally use natural seed for broodstock. However, tuna catch is restricted by international fishing regulations created as a result of recent decreases in wild population numbers [1] . Thus, a breeding system that depends on the recruitment of naturally occurring siblings is difficult to maintain. The complete lifecycle has been established recently for Pacific bluefin tuna aquaculture [2] and artificial seed is now being used for production. Therefore, there is much interest in creating broodstock with commercially valuable genetic traits.
Several whole genome sequences have been reported recently in teleosts because of the development of high-throughput sequencing methods. Whole genome sequences have been registered in public databases for model fish, such as zebrafish (Danio rerio) [3] and medaka (Oryzias latipes) [4] as well as for other fish, such as fugu (Takifugu rubripes) [5] , Tetraodon (Tetraodon nigroviridis) [6] , stickleback (Gasterosteus aculeatus) [7] , and Pacific bluefin tuna [8] .
The draft Pacific bluefin tuna genome sequence was generated using the Roche 454 FLX Titanium and Illumina GaIIx next-generation sequencing platforms [8] . Whole genome shotgun sequencing and assembly provided 192,169 contigs (>500 bp) and 16,802 scaffolds (>2 kb). The N50 values, which are used to evaluate connectivity of the assembly, are 7588 bp (contigs) and 136,950 bp (scaffolds), respectively.
Cytological studies [9] [10] have reported that Thunnus species have 24 pairs of chromosomes. Draft genome sequence when merged should, therefore, only have 24 huge fragments corresponding to each chromosome. The draft genome sequence of this species is highly fragmented, and constructing a genetic linkage map is an effective way to link the sequence fragments. Genetic linkage maps have been used as an anchor for fish [11] [12] , plants [13] - [16] , and domestic animals [17] . A genetic linkage map is constructed by developing genetic markers on scaffolds and examining the linkage relationships between the markers. However, no genetic linkage map has been constructed for Pacific bluefin tuna. Several different classes of polymorphic markers could be used to construct genetic linkage maps. Repetitive sequence regions called microsatellites (MS) (or short tandem repeats) are abundant in eukaryotic genomes and have the potential to exhibit high polymorphism in a mapping population. MS markers also have the benefit of being multi-allelic within species, and therefore, unlike single nucleotide polymorphism markers (SNPs), MS markers can be used to track the unique segregation phases of both male-and female-specific parental alleles in their progeny. When parents are doubly heterozygous for SNP markers, the linkage phase of heterozygous progeny cannot be assessed. Only a few MS markers have been developed for Pacific bluefin tuna [18] , and therefore, there is a need to develop additional markers for this species.
Recently, four novel candidates for vertebrate SD genes were reported, all of them in fishes. These include amhy in the Patagonian pejerrey [19] , Gsdf in Oryzias luzonensis [20] , Amhr2 in fugu [21] and sdY in rainbow trout [22] . There are multiple sex-determining regions in teleost fishes that do not possess homology to one another due to the turnover of sex chromosomes [23] . In bluefin tuna the sex-determining region has been identified to by XY based, and male-specific marker (male delta 6 or Md6) has been characterized [24] . There is no syntenic information about Md6 and those sex-determining regions in teleost fishes. One of the objectives of this study was to localize the sex-determining locus within the genomic scaffolds corresponding to the genetic linkage map placements by mapping Md6 using an adjacent MS marker.
Comparative genome studies have revealed the evolution of chromosomes among several fish species. These studies suggest that the medaka genome has the conserved genomic structure of the MTZ ancestor (the last common ancestor of three fishes, medaka, Tetraodon, and zebrafish) and no major chromosomal rearrangements have occurred for more than 300 million years (My) [4] [25] , whereas the zebrafish genome has experienced many interchromosomal rearrangements during evolution due to extensive translocations. A comparative genome study of fugu supported their hypothesis and discussed inter-chromosomal rearrangements in the fugu and Tetraodon lineages [12] . Tongue sole also experienced three major chromosomal fusion events after divergence from the common ancestor with medaka, Tetraodon, and fugu [26] . A high density genetic map with tiled genomic platyfish contigs revealed that the platyfish and medaka karyotypes are remarkably similar with few interchromosomal translocations but with numerous intrachromosomal rearrangements (transpositions and inversions) since their lineages diverged about 120 Mya [27] . That study also suggested that stickleback and Tetraodon arose by fusion of pairs of ancestral chromosomes. These results suggest that the chromosomal constitution and synteny of fish in Percomorpha are highly conserved, with few inter-chromosomal rearrangements despite substantial phylogenetic distances among the taxa compared [28] [29] . Percomorpha is a large group in Acanthopterygii that includes medaka, platyfish, fugu, Tetraodon, stickleback, tongue sole, European seabass, and Pacific bluefin tuna. Accordingly, constructing a genetic map for other non-model fish species in Percomorpha using gene information on scaffolds from whole genome sequences will provide new aspects for comparative studies in this group.
The aim of the present study was to construct a genetic linkage map for Pacific bluefin tuna based on draft genome sequence information to understand the genome structure of this species in Percomorpha. We extracted an F1 full-sib population of young Pacific bluefin tuna as a mapping population. We constructed a linkage map using MS markers developed on each of the scaffolds and examined preservation of chromosome structure in four other fully sequenced fish species.
Materials and Methods

Mapping Population
Many full-sib progeny and their parents were prepared to construct a linkage map for the mapping population. Unlike other fish that spawn easily, one-to-one mating is very difficult in Pacific bluefin tuna. Thus, we tried to extract full-sib progeny from young fish spawned naturally from several parents. We collected 500 progeny (18 days old) derived from a small number of parents based on our visual observations at Amami Station, Seikai National Fisheries Research Institute, FRA. The parents of these young fish were derived from wild fish captured offshore of Shimane in the Japan Sea and reared 3 years at Amami Station, Seikai National Fisheries Research Institute, FRA. The whole bodies of the small fish were preserved in 100% ethanol until extraction of genomic DNA. DNA extraction was conducted using the Quickgene system (Fujifilm, Tokyo, Japan), following the manufacturer's protocol. Candidate adult parents of these progeny were treated using the same method, except a fin clip was collected as the sample. Genomic DNA was amplified using the Illustra GenomiPhi Amplification Kit (GE Healthcare, Milwaukee, WI, USA) following the manufacturer's protocol. A parental analysis of 500 young individuals was performed using 11 MS loci to select the full-sib progeny. Parent-offspring hypotheses were examined based on genotypic incompatibilities between putative parents and offspring using the exclusion method. The parentage assignment test in PARFEX software [30] was used with the exclusion method. We allowed for a few genotype mismatches (<2) between offspring and parents per MS marker due to missing data or the influence of a null allele.
, where d is the average interval of markers, n is the number of markers, and L is the length of the linkage map. Differences in the recombination rates between the male and female linkage maps were evaluated by calculating the interval of common contiguous markers in the female and male linkage maps.
Mapping Sex-Linked Sequences
The DNA sequence of the male characteristic fragment Md6 has been identified in cultured Pacific bluefin tuna and a BLAST search against the Pacific bluefin tuna genome assembly showed highest identity (Expect value: 8 e−139 ) with contig BADN01109032 on scaffold Ba00007445 [24] . We designed four appropriate PCR primer sets for four MS regions on the scaffold to locate Md6 on the genetic linkage map ( Supplementary Table S1 ). Then, we performed a linkage analysis using the same method as used for the other MS markers.
Genome Sequence and Amino Acid Sequence Comparisons
The amino acid sequence data of four teleosts (fugu, medaka, stickleback, and Tetraodon) were downloaded from the Ensembl database to construct the Oxford grid [35] . A protein BLAST search was performed for the five teleost sequences (Ensembl fishes and tuna) with an E-value < 10 −5 . Orthologous gene pairs were defined as one reciprocal best hit. Core genes conserved among the five teleosts were defined as the real orthologous gene set. Oxford grids were constructed to study the synteny and examine the distribution of the orthologous genes.
Results
Selection of the Mapping Population
Estimated parent-offspring pairs were mainly comprised of eight groups (groups 1 -8) (Supplementary Figure S1 and Supplementary Table S2 ) derived from eight male and four female parents. Many individuals are needed to construct a linkage map, so we extracted 193 full-sib progeny (group 5).
Development of Microsatellite Markers
The total length of the 1000 selected scaffolds was 302 Mbp, accounting for 40.7% of all scaffolds. Of the 606 PCR primer pairs tested for MS, 473 were polymorphic in the mapping population.
Constructing the Genetic Linkage Map
Ninety-three group 5 progeny and their parents were used as the mapping population. We used 473 PCR primers to perform the linkage analysis. We constructed sex-specific maps for 24 linkage groups consisting of 470 markers ( Table 1 and Figure 1 ). Among the informative markers used in the linkage analysis, 99.4% of the markers showed detectable linkage relationships with each other. Three markers were not linked to any other marker. 
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The male map consisted of 24 linkage groups with 374 MS markers. The total length of the linkage groups was 992.9 cM, and the mean distance between two markers was 2.7 cM. The sizes of individual linkage groups ranged from 5.4 to 84.2 cM (mean, 41.4 cM). The number of markers per linkage group varied from 11 to 20, with a mean of 15.6 markers per linkage group. The estimated genome coverage of the map was 86.5%.
The female map included 366 markers in 24 linkage groups. This map spanned 1332.3 cM, and mean spacing between two markers was 3.7 cM. The sizes of the female linkage groups ranged from 27.1 to 92.3 cM (mean, 55.5 cM). The number of markers per linkage group varied from 9 to 25, with a mean of 15.3 markers per group. The estimated genome coverage of the map was 86.5%.
The ratio of male map length to female map length was 1.0:1.4. The distribution of the intervals between contiguous common markers in both linkage maps was almost the same (Figure 2) , although several linkage groups clearly showed different recombination rates in specific regions or linkage groups (Supplementary Figure S2) . In particular, the genetic distance between the common markers in LG1, LG5, LG7, LG11, LG14, LG18, and LG24 on the female map was higher than the male genetic distance. In contrast, LG15 and LG22 showed higher genetic distances on the male map.
Mapping the Sex-Linked Sequence
The MS marker (07445_1679), which was developed in scaffold Ba00007445, was only polymorphic in females and mapped to the LG10 terminal region on the female map (Figure 1) . Orthologues of several sex-determining genes in teleosts [23] but were not found on the LG10 scaffold of the integrated genetic linkage map.
Integration of the Genetic Linkage Maps with the Physical Map
Developing MS markers to specific regions of each scaffold allowed us to integrate the genetic and physical maps into a consolidated genome map. We anchored 470 scaffolds to be consistent with the order of markers determined on the genetic linkage maps. Thus, we placed scaffolds that cumulatively represented 20.8% (153.8 Mb) of the sequenced genome onto the linkage groups ( Table 1 ). In total, 4243 genes estimated in the tuna draft genome assembly have been included in these scaffolds [8] .
Comparison of Genome Structure in Other Teleosts
Constructing the integrated Pacific bluefin tuna map made it possible to compare conserved sequence regions with those of other teleosts. We identified 6445 pairs of orthologous genes among tuna and four other teleosts (fugu, medaka, stickleback, and Tetraodon). Then, we extracted 1381 gene pairs from these orthologous genes Genetic distance in male (cM)
Genetic distance in female (cM) and mapped them on the integrated map. We constructed an Oxford grid [35] for Pacific bluefin tuna against the four teleosts based on the number of orthologous genes on each linkage group/chromosome. These results indicated that 24 pairs of chromosomes in tuna and medaka showed a clear one-to-one relationship (Figure 3) . Comparisons with the other three fish species also indicated highly conserved one-to-one relationships, although there were several one-to-two and one-to-three relationships between homologous chromosomes. For example, fugu chromosome 1 corresponded to LG3, LG19, and LG21 in Pacific bluefin tuna (Figure 3(b) ). Stickleback chromosome 1 corresponded to LG2 and LG13 in Pacific bluefin tuna. A similar result was observed in stickleback chromosome 4 with LG10 and LG23 in Pacific bluefin tuna (Figure 3(c) ). Three one-to-two relationships were detected between Tetraodon (chromosomes 1 -3) and Pacific bluefin tuna (LG4 and LG10, LG19 and LG21, and LG2 and LG8) (Figure 3(d) ).
We constructed an integrated map to compare the Pacific bluefin tuna and medaka chromosome structures. Homologous sequence regions across several chromosome pairs between tuna and medaka revealed reciprocal homology relationships as well as reverse orientation orderings. Thus, several inversions may have occurred in either genome (Figure 4 and Supplementary Figure S3) . 
Discussion
In this study, we constructed an integrated map composed of 24 linkage groups with 470 MS markers. The integrated map will be a useful resource to develop a complete physical map, conduct comparative genomic studies in teleosts, and perform genetic studies of economically useful traits in Pacific bluefin tuna. The karyotype composition of Pacific bluefin tuna was two pairs of metacentric, three pairs of submetacentric, two pairs of subtelocentric, and 17 pairs of acrocentric chromosomes. The numbers of linkage groups on the sex-specific maps agreed with the number of chromosome pairs suggested from microscopic observations [9] . Scaffolds integrated with linkage groups will have to be detected on chromosome samples using fluorescence in situ hybridization to reveal the relationships between linkage groups and chromosomes, as in other fish [12] [36] . It is also desirable to locate scaffolds or contigs that include unique repeats in telomeric or centromeric regions.
Coverage of the male and female genomes by the maps was 86.5% respectively; thus, the chromosomes were covered comprehensively by this linkage map. However, mean lengths of the linkage groups were somewhat shorter (male: 41.4 cM, female: 55.5 cM) compared with linkage maps of other closely related teleosts [11] [37]- [40] , suggesting the absence of a marker at the end of a chromosome and that the mapped scaffolds lack telomeric and centromeric repeats. Restriction site-associated DNA (RAD) tag sequencing [41] using a next- generation sequencer is useful to develop several thousand single nucleotide polymorphism markers close to restriction endonuclease sites. This method has been applied to construct linkage maps for several teleosts [27] [42]- [45] . The integrated map in this study provides a framework for constructing high density-linkage map using RAD tag sequencing. Total map length between males and females was almost the same compared with that of several other teleosts [12] [38] [46] [47] , although the female map was somewhat longer than that of the male map (ratio F:M, 1.4:1). The distributions of the common marker intervals between the male and female maps were not different.
The MD6 sex-linked sequence was mapped to the LG10 terminal region on the female linkage map. Because the mapping population in this study was 18 days old, we could not distinguish phenotypic sex. Therefore, we could not perform a linkage analysis between genotypic and phenotypic sex. A mapping population that distinguishes phenotypic sex will be needed to map the sex-determining region in the future. Sex-determining genes reported in other teleosts [23] were not found on LG10 of the integrated map. Therefore, it will be necessary to map these genes on our genetic linkage map to determine the relationships between these sex-determining genes and sex in Pacific bluefin tuna.
The comparison of chromosome structure among the five fish species suggested that Pacific bluefin tuna chromosomes were very similar to those of medaka, but traces of several inter-chromosomal rearrangements were detected in the other fish. A comprehensive amino acid sequence comparison of orthologous genes among the five teleosts (including Pacific bluefin tuna) supported that Pacific bluefin tuna is phylogenetically closer to stickleback than to medaka [8] . Taken together, Pacific bluefin tuna are more phylogenetically related to stickleback than to medaka but not in chromosome structure. The medaka genome has the conserved genomic structure of the MTZ ancestor and has not experienced any major rearrangements for more than 300 My. Our results suggest that the chromosome structure of the Pacific bluefin tuna could also be the conserved structure of the MTZ-ancestor because of the high similarity between the chromosome structures of the two species. Yellowtail (Perciformes) chromosome structure is highly similar with that of the MTZ ancestor [48] . Our results support these yellowtail results at the whole genome level.
Stickleback [27] , fugu, and Tetraodon [12] have experienced chromosome fusion events two or three times since diverging from the MTZ ancestor, which presumably had 24 chromosome pairs. Stickleback chromosome 1 corresponded to LG2 and LG13 in Pacific bluefin tuna. A similar trace was observed in stickleback chromosome 4 with LG10 and LG23 in Pacific bluefin tuna. These one-to-two relationships are potential traces of inter-chromosomal rearrangements in a lineage phylogenetically diverged from the two species. In this case, fusion of two chromosomes or chromosome fission in the stickleback lineage could have occurred after divergence from the common ancestor. Our comparative study did not consider intra-chromosomal rearrangements that diverged from the MTZ ancestor. An investigation of macro or micro-synteny among fish species in which whole genome sequences are available is needed to understand the detailed characteristics of Pacific bluefin tuna chromosome structure and to estimate rearrangement events in the Perciformes lineage.
It was a surprising and new finding that medaka and Pacific bluefin tuna have similar chromosome constitutions, even though these two species are evolutionary distant in Percomorpha and differ morphologically and physiologically. This result suggests that other fish in Percomorpha may have a similar chromosome constitution and traces of inter-chromosomal changes. It is also possible that chromosome constitution does not always reflect phylogenetic distance based on other genetic factors, such as nucleotide or amino acid sequences. Several chromosome pairs and homologous sequence regions between tuna and medaka were in reverse orientation between these two species. Chromosome inversion may have occurred from ectopic recombination between homologous sequences or breakage of chromosomes and erroneous repair of free ends by non-homologous endjoining [49] . Genes at recombination breakpoints occasionally experience a fission or fusion event with other genes during chromosomal inversion, fusion, or translocation. Such a phenomenon has been explained as the mechanism of novel gene birth [49] . Thus, different genes are detected in these boundary regions of Pacific bluefin tuna and medaka.
Pacific bluefin tuna has high market value, but wild populations have decreased in recent years [1] . The complete lifecycle of this species has been closed for aquaculture, and artificial seed is being used for production [2] . Therefore, there is interest in creating brood stocks with commercially valuable traits, such as rapid growth. A genetic linkage map with many DNA markers is needed to efficiently find markers associated with quantitative trait loci (QTL) that can be used in marker-assisted selection breeding programs to genetically improve traits, such as disease resistance, high growth rate, and sex determination in Pacific bluefin tuna seed and seedlings. QTL analyses [50] for specific traits have been performed in many fish including groups phylogenetically close to Pacific bluefin tuna in Percomorpha, such as two yellowtail species (Seriola quinqueradiata and Seriola lalandi) in Carangidae [37] [51] and Japanese flounder (Paralichthys olivaceus) and Atlantic halibut (Hippoglossus hippoglossus) in Pleuronectiformes [45] [52] [53] . In this study, we developed sex-specific linkage maps using a tuna draft genome sequence. The mean distances between two markers in the male and female maps were 2.7 cM and 3.7 cM, respectively. This marker density is sufficient to perform a rough QTL analysis [54] . The linkage map will be a useful resource for QTL analyses of economically useful traits in this species. Moreover, it could be used to elucidate the genetic basis of the ecologically unique traits of Pacific bluefin tuna. Integrated sequence information from the linkage maps will help identify responsible genes in candidate regions detectable by QTL analysis. Figure S1 . Composition of the full-sib population estimated from about 500 Pacific bluefin tuna progeny. 
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